Nitrogen ions were implanted in a Co-29 mass%Cr-6 mass%Mo alloy (ASTM F799-95) with reducing the amount of nickel in order to improve the friction-wear properties. The friction-wear properties of unimplanted and nitrogen-ion-implanted Co-Cr-Mo alloys were evaluated using a pin-on-flat-type reciprocating friction tester in air and phosphate-buffered saline, PBS(À), as a quasi-biological environment under applied stress of 3.54 MPa to understand the performance of this alloy for metal-on-metal-type artificial hip joints. As a result, the wear loss in PBS(À) was much smaller than that in air and increased with the increase of applied stress in both air and PBS(À), while the friction coefficient in a steady state during the test was larger in PBS(À) than in air, according to the lubrication behaviors of wear debris and PBS(À). Nitrogen-ion implantation is effective to decrease the friction coefficient in PBS(À) at the sliding interface between mutual Co-Cr-Mo alloys as well as to decrease the wear debris in PBS(À). Both in air and PBS(À), the surface of a N 2þ -implanted flat specimen was smoother than that of an unimplanted flat specimen. Cobalt phosphate was precipitated as a corrosion product on the pin during the friction-wear test.
Introduction
Co-Cr-Mo alloys show good mechanical properties, castability, corrosion resistance, and wear resistance. The corrosion resistance of Co-Cr-Mo alloys is higher than that of austenitic stainless steels, and the wear resistance is higher than that of titanium and titanium alloys, while the plastic workability is lower than that of stainless steels, titanium, and titanium alloys. Co-Cr-Mo alloys are used as wear-resistant materials. Most heads of artificial joints consist of Co-CrMo alloys because stainless steel is less corrosion-resistant and titanium alloys have less wear resistance. Co-Cr-Mocast alloys consist of coarse grains and contain a phase of Co, a M 23 C 6 phase containing Co and Mo, carbides of Co, Cr, and Mo, and a dendrite structure of Cr and Mo. 1, 2) On the other hand, Co-Cr-Mo wrought alloys consist of fine and uniform grains and show better tensile strength, yield strength, and elongation than cast alloys and heat-treated alloys. 2, 3) The wrought alloys also contain fine carbide structures. 4) The excellent wear resistance of the Co-Cr-Mo alloys is responsible for the fact that these carbide structures are found in both cast and wrought alloys. In addition, the hardness and elongation of the alloys are influenced by the martensite transformation induced by strain.
5) The excellent wear resistance of the Co-Cr-Mo alloys is also maintained by a hard surface containing an " phase generated by straininduced and stress-induced martensite transformation due to friction and wear. 5) Recently, an artificial hip joint consisting of a metal head and a metal socket, a so-called ''metal-on-metal''-type hip joint, was considered as the next generation of artificial hip joints that will prevent the generation of polyethylene wear debris. The main problem with metal-on-metal-type hip joints is the generation of wear debris from the metal, which may induce metallosis and other toxicities. Therefore, high wear resistance of the alloy is necessary for metal-on-metal hip joints. Friction-wear tests for artificial joints have been conducted between an ultra-high-molecular-weight polyethylene and a metal to evaluate, for example, the wearresistant performance of a modified polyethylene, 6) an ionimplanted metal, 7) and a lubricant with a protein. 8) However, no friction-wear tests between a metal and another metal under a quasi-biological environment have been performed, to the authors' knowledge. Because of the asymmetrical wear and heating as a result of friction, it is anticipated that friction-wear tests with metal on metal will present difficulties.
Wear debris generated from metallic biomaterials is a predominant problem. In order to decrease the metal wear debris, the surface must be hardened. To increase the wear resistance of metals, many surface treatment techniques have developed, primarily by industry. Ion implantation is one of the strong tools for improving the wear resistance. In the field of biomaterials, nitrogen ions are implanted into titanium and the Ti-6Al-4V alloy to improve their wear resistance and tissue compatibility 9) as well as the corrosion resistance. 10) A thin nitride film formed on titanium with high wear resistance 11) is already commercially used in bone plates, dental implants, and artificial hip joints. Therefore, nitrogenion implantation is effective to improve the wear resistance of titanium alloys. In addition, in the Co-Cr-Mo alloy, the corrosion and wear resistances are improved by nitrogen-ion implantation. 7) On the other hand, Co-Cr-Mo alloys usually contain nickel as an impurity and to maintain workability. The International Agency for Research on Cancer (IARC) of the World Health Organization (WHO) estimates that nickel compounds are carcinogenic, and metallic nickel and nickel alloys are possibly carcinogenic to the human body.
12) The European Parliament has appealed to the member states of the European Community to forbid or restrict the use of alloys containing nickel for specific applications.
13) Some Co-Cr alloys also contain considerable amounts of nickel, though they are designated as metallic biomaterials for surgical implants. Therefore, nickel-free alloys have been anticipated for use as metallic implant materials because they are probably less toxic to the human body.
The purpose of this study was to evaluate the effects of nitrogen-ion implantation on the friction-wear behavior of a nickel-free Co-Cr-Mo alloy in a quasi-biological environment. This information will enhance the understanding of the friction-wear behavior between metal and metal for use in a metal-on-metal-type artificial hip joint.
Experimental Methods

Specimen
The chemical composition of the Co-Cr-Mo alloy employed in this study is listed in Table 1 . This alloy was originally manufactured based on a Co-29 mass%Cr-6 mass%Mo alloy (ASTM F799-95); however, the amount of nickel was reduced. Both the pin (9 mm Â 13 mm) and the flat (40 mm Â 20 mm Â 6 mm) were manufactured from the Co-Cr-Mo alloy. The sliding surfaces of the pin and flat were metallographically polished and finished by polishing with 6-mm diamond particle paste followed by ultrasonic rinsing in acetone and ethanol for 900 s in each case, drying in a stream of high-purity nitrogen (> 99:999%), and storing in a desiccator. Such specimens were identified as ''unimplanted'' specimens.
Nitrogen ion (N 2þ ) was implanted into an unimplanted specimen with an acceleration energy of 150 keV and ionbeam current density of 10-15 mA m À2 in an amount of 10 21 ions m À2 . Ions were implanted into the sliding surfaces of the pin and flat in the friction test described below. After ion implantation, the specimens were washed and dried by the method described above. Such specimens were identified as ''N 2þ -implanted'' specimens.
Friction-wear test
A pin-on-flat type friction-wear test was performed according to ASTM Standard F-732-82. The design of the instrument for the reciprocating friction test used in this study is shown in the previous study. 14) Both the pin and flat consisted of unimplanted and N 2þ -implanted Co-Cr-Mo alloys. The fixture for the pin also consisted of an unimplanted Co-Cr-Mo alloy to prevent galvanic corrosion. The environments under which the test was conducted were air at ambient temperature and phosphate-buffered saline, PBS(À), as a simulated body fluid. The composition of the PBS(À) is listed in Table 2 . The PBS(À) was filtered with a 0.2-mm-membrane filter. One ml penicillin-streptomycin with concentrations of 5000 IU mL À1 -5000 mg mL À1 was added to 100-ml PBS(À). The pH of the resultant solution was 7.5. The solution was bubbled with filter-sterilized 4 vol%O 2 þ 96 vol%N 2 gas because the oxygen pressure in body fluid was about 1/5-1/4. The chamber used for the test in PBS(À) was made of polyvinyl chloride. For the test in PBS(À), the temperature was controlled at 310 K with an electric heater and water coolant that was circulated in a polyvinyl tube inserted in the chamber. The amplitude of sliding was 25 mm, and the frequency was 1 Hz, i.e., similar to the motion of a hip joint while walking. The applied stress was 3.54 MPa, according to the ASTM standard. The test was continued until 10 5 cycles in maximum. The pin, flat, fixture, chamber, heater, and thermometer were ultrasonically rinsed in deionized water, followed by immersion in 70 vol% ethyl alcohol for 86.4 ks for sterilization. Other parts were sterilized by dry autoclaving.
The weight of the pin and flat was measured with a microbalance before and after the test to determine the weight loss by wear. The friction force was monitored during the test using a load cell. The friction coefficient, , was calculated according to the following equation:
where F is the amplitude of the friction force and P is the loaded weight. The surface roughness and cross-sectional view of the flat before and after the wear-friction test were measured with a needle-contacting surface-roughness tester. The sliding direction of the needle was normal to the friction direction.
A violet-colored precipitate on pins was obtained after the test in PBS(À). The precipitate was identified using an X-ray diffractometer with CuK radiation (40 kV and 300 mA).
Results and Discussion
Friction coefficient
Although not all areas of the base of the pin were in contact with the flat surface at the initial stage of the test, all areas were in contact at 10 4 cycles under 3.5 MPa in air and 2 Â 10 4 cycles in PBS(À). Changes in the in the pin and flat at the initial stage are schematically illustrated in Fig. 1 . The was initially larger in air and smaller in PBS(À), followed by a rapid decrease and increase, respectively. The magnitudes of the in both environments were reversed at about 20 cycles and achieved a steady state after 50 cycles. The in air was eventually smaller than that in PBS(À). The values at the steady state in air and PBS(À) of unimplanted and N 2þ -implanted CoCr-Mo alloys are summarized in Table 3 . In this study, the in air was almost half of that in PBS(À), whereas the in a solution is generally lower than that in air because of the lubricating effect of the solution. This discrepancy is explained as follows. In air, wear debris generated by abrasion works as a lubricant at the sliding interface and reduces , but the action is saturated at the initial stage, followed by the steady state of . In PBS(À), the solution also works as a lubricant, but lubrication with wear debris occurs as it does in air. However, the wear debris removed from the sliding interface and the lubrication effect decrease in PBS(À). The difference in between that in air and that in PBS(À) depends on differences between the lubricating effects resulting from wear debris and those resulting from the solution. The results of this study are based on the decreased effects of the wear debris and solution on lubrication in PBS(À) than those of wear debris in air. In air, adhesion wear is feasible when the same materials are used for the pin and the flat because of heating as a result of friction. On the other hand, heating in PBS(À) was inhibited because the temperature of the solution was controlled and adhesion wear was reduced.
According to Table 3 , the friction coefficient of the N 2þ -implanted alloy was larger than that of the unimplanted alloy in PBS(À), while both values were equivalent in air. Although the reason is unclear, N 2þ implantation was effective to decrease the friction coefficient in PBS(À) at the sliding interface.
Wear loss
The wear loss after 10 5 -cycle friction sliding is shown in Fig. 2 . As expected, the wear loss in air was much larger than in PBS(À). The wear losses in both the pin and the flat were smaller with N 2þ implantation than without it in air. Therefore, N 2þ implantation was effective to decrease the wear debris in air. However, no difference in wear loss was observed in PBS(À).
Surface roughness of flat
The roughness patterns of flats with and without N 2þ implantation after 10 5 -cycle friction sliding are shown in Fig. 3 . Wear damage was much smaller in PBS(À) than in air. It was also smaller on the flat with N 2þ implantation than on that without N 2þ implantation in air. This is in accordance implantation was smaller than that without N 2þ implantation in air. Both in air and PBS(À), the surface of a N 2þ -implanted flat was smoother than that of an unimplanted flat. Therefore, the wear mode of the Co-Cr-Mo alloy changes by N 2þ implantation.
Product generated by friction
A violet product was precipitated during a friction-wear test on a pin with and without N 2þ implantation. An XRD pattern of the product is shown in Fig. 4 . Cobalt phosphate was identified as Co 3 (PO 4 ) 2 . 8H 2 O. Phosphate ions clearly originated from PBS(À). Therefore, this cobalt phosphate is a corrosion product. Cobalt continuously dissolved during the test and combined with phosphate ions in PBS(À). This reveals that a preferential dissolution of cobalt from the alloy occurs; the result is similar to that obtained in a previous study.
15 ) The concentration of phosphate ion in PBS(À) is much higher than that in body fluid, so it is not clear whether or not cobalt phosphate precipitates when the alloy is worn as an artificial joint in the human body. Other studies in the same phosphate ion concentration as body fluid are necessary to confirm the precipitation of cobalt phosphate. Although, to the best of our knowledge, no report on the toxicity of cobalt phosphate has been published, it is possible that cobalt phosphate precipitates in metal-on-metal-type artificial hip joints made of Co-Cr-Mo alloys.
Conclusions
Nitrogen ions were implanted in a Co-29 mass%Cr-6 mass%Mo alloy (ASTM F799-95), and the amount of nickel was reduced to evaluate the friction-wear properties. Wear loss in PBS(À) was much smaller than that in air and increased with the increase of applied stress in both air and PBS(À), while the friction coefficient in a steady state during the test was larger in PBS(À) than in air, according to the lubrication behavior of the wear debris and PBS(À). Nitrogen-ion implantation was effective to decrease the friction coefficient in PBS(À) at the sliding interface between mutual Co-Cr-Mo alloys as well as to decrease the wear debris in PBS(À). Both in air and PBS(À), the surface of the N 2þ -implanted flat was smoother than that of the unimplanted flat. Cobalt phosphate was precipitated as a corrosion product on the pin during the friction-wear test. 
